The solid electrolyte Li 3 Ti 1.5 (PO 4 ) 3 compound has been synthesized by solid state reaction and studied by X-ray diffraction. At room temperature the compound belongs to rhombohedral symmetry (space group R ̅ c) with six formula units in the unit cell. Li 3 Ti 1.5 (PO 4 ) 3 , Li 3x La 2/3-x TiO 3 (where x = 0.12) Li + -ion conducting, Ce 0.8 Gd 0.2 O 1.9 , (ZrO 2 ) 92 (Y 2 O 3 ) 8 with fast oxygen vacancy transport ceramic samples were investigated in the frequency range from 1 Hz to 3 GHz in the temperature interval (300-700) K by impedance spectroscopy methods. Two dispersion regions in ionic conductivity spectra for investigated ceramic samples have been found. The dispersions have been attributed to relaxation processes in grain boundaries and in grains of the ceramics.
Introduction
The development of fast lithium conductors is attracting much attention because of their potential applications in electrochemical devices such as high-energy lithium ion batteries and electrochemical gas sensors. Li 3x La 2/3-x TiO 3 (LLTO) is known as a fast Li-ion conductor [1, 2] . LLTO has ABO 3 perovskite-type structure. The unit cell is built of TiO 6 octahedra and A-cages are formed by 12 oxygen ions belonging to 8 octahedra [3, 4] . La 3+ is unequally distributed in the structure forming La-rich and La-poor layers, which open paths for Li + migration [4] . The compound LiTi 2 (PO 4 ) 3 with NASICON-type framework structure is a pure ionic conductor, its bulk ionic conductivity  b = 10 -4 S/m at room temperature [5] . Conductivity increases then Ti +4 is partially substituted by three valence state ions in NASICON -type framework [6] . Today, cubic structure zirconia-based materials such as Zr 0.85 Ca 0. 15 8 (YSZ8), Ce 0.8 Gd 0.2 O 1.9 (GDC20) with fast oxygen vacancy transport are used for variety of applications, namely oxygen gas sensors, as well as for solid oxide fuel cells (SOFC) [7] . Furthermore, the above mentioned Li + and conducting solid electrolytes do not undergo any phase transition in the temperature range from room to 1000 K and therefore they are also interesting candidates for ionic dynamics' studies in the broad frequency range of the electric field. In the present work we present investigation results of electrical properties of Li 3 Ti 1.5 (PO 4 ) 3 , Li 3x La 2/3-x TiO 3 (with stoichiometric factor x = 0.12), YSZ8, and GDC20 ceramics in the frequency range (1-310 9 ) Hz in the temperature range (300-700) K by impedance spectroscopy methods. The preparation conditions of Li 3 Ti 1.5 (PO 4 ) 3 powder and ceramics, the results of the X-ray diffraction (XRD) study are presented in the paper too.
Experiment
The powder of Li 3 Ti 1.5 (PO 4 ) 3 has been synthesized from stoichiometric mixture of Li 2 CO 3 (purity 99.999 %), extra pure NH 4 H 2 PO 4 and TiO 2 by solid state reaction. The mixture with stoichometric amounts was placed in ethyl alcohol and milled 8 hours in an agate mill. After milling the mixture was heated for 20 h at temperature T = 723 K. After heating the mixture was placed in the ethyl alcohol and this liquid was milled 8 h in the planetary mill again. After this process the powder was heated for 8 h at T = 1173 K. The fine powder was dried at T = 393 K for 24 h. The structure parameters were obtained using Brucker D8 Advance equipment at room temperature from the X-ray powder diffraction patterns in the region 2 = 6-80 degree, step 0.02 degree, time per step 1-8 sec., CuK 1 radiation (40 kV, 40 mA). The lattice parameters were deduced by fitting the XRD patterns with software TOPAS. For investigation of electrical properties the ceramic samples were sintered. The powder was uniaxially cold-pressed at 300 MPa. The sintering of Li 3 Ti 1.5 (PO 4 ) 3 ceramic samples was conducted in air at T = 923 K. The sintering duration of the ceramics was 1 h. The density of so sintered Li 3 Ti 1.5 (PO 4 ) 3 ceramic samples was d = 2.48 g/cm 3 . The conditions of the preparation of LLTO powder can be found elsewhere [8] . To obtain LLTO (x = 0.12) ceramics with grain sizes in the range of micrometers conventional solid state reaction was used and the obtained powder has been pressed and sintered at 1523 K for 2 h. In the current work we name this sample as LLTO -SSR. A modified Pechini-type complex polymerizable method was used to obtain LLTO (x = 0.12) powder with grains in the nanometer range (20 -30 nm). Ceramic samples from nanopowders have been sintered in this way: The pressed pellets were introduced into hot oven (1373 K), kept for 3 min and quenched to room temperature. Such procedure leads to formation of dense ceramics (relative density was more than 90 %) with limited grain growth. In our current work we name nano-ceramics as LLTO -P.
YSZ8 and GDC20 ceramics have been sintered at 1773 K for 2 h using the fine powder from Fuel Cell Materials.
The measurements of complex conductivity ( ̃ ), complex specific electrical resistivity ( ̃ ), and complex dielectric permittivity ( ̃ ) were performed in temperature range from 300 K to 700 K. Platinum electrodes were prepared on investigated samples by applying Pt paste (GVENT Electronic Materials LTD) fired at 1073 K except for both LLTO samples, where thin sputtered gold electrodes have been used. For measurements of electrical impedance in the frequency range (1-110 6 ) Hz four-probe method was used. The measurements in the frequency range (310 5 -310 9 ) Hz were performed by Agilent Network Analyzer E5062A connected to coaxial line, the part of inner conductor of which was replaced by the sample. The impedance of the sample was calculated from scattering parameters' matrix of two port network as in [9] . The temperature of investigated materials in the low and high frequency ranges was measured by K-type thermocouple. Table 1 .
Discussion
The impedance spectroscopy investigation of ionconducting ceramics in the wide frequency and in the broad temperature ranges allows one to separate charge carrier transport processes in grains and in grain boundaries of the ceramics. In Fig. 2 (a) , (b), and (c) the characteristic frequency dependences of the real part ( ) of complex conductivity of Li 3 Ti 1.5 (PO 4 ) 3 , LLTO, YSZ8, and GDC20 ceramics measured at different temperatures are shown. Two dispersion regions in  spectra for investigated ceramic samples were found. All the processes are thermally activated and dispersion regions shift towards higher frequencies as temperature increases. As it is generally observed in solid electrolyte ceramics [1015], the high frequency part of the recorded spectra may be attributed to the Li + -ion or relaxation processes in grains, while the lower frequency part corresponds to relaxation processes in grain boundaries. Temperature dependences of total conductivity ( tot ) of the ceramics were derived from dependences of  (f) measured by four probe method at different temperatures. The temperature dependences of bulk conductivity ( b ) of the ceramic samples were derived from the complex plots of  ( ) and  ( ) measured in microwave region at different temperatures. In Fig. 3(a) , (b) and (c) the typical complex specific electrical resistivity plots of Li 3 Ti 1.5 (PO 4 ) 3 , LLTO ceramic samples at 300 K and YSZ8, GDC20 ceramics at 600 K are shown.
Temperature dependences of  tot and  b of Li 3 Ti 1.5 (PO 4 ) 3 , LLTO, YSZ8, and GDC20 ceramic samples are shown in Fig. 4 (a), (b) . The activation energies of  tot and  b were found from the slopes of the Arrhenius plots. In Li 3 Ti 1.5 (PO 4 ) 3 and LLTO compounds the temperature dependences of the conductivity is caused by Li + ion mobility increase in the materials and in YSZ8 and GDC20 ceramics -by oxygen vacancy mobility witch increases as temperature increases. A slight difference of the bulk conductivities and their activation energies can be observed from Fig. 4 when comparing both LLTO samples. These differences probably appear because of different heat treatment of the samples which leads to rearrangement of La-rich and La-poor layers in LLTO. On the other hand, a very big difference can be seen between total ionic conductivities of LLTO -P and LLTO -SSR samples. This feature is typical for LLTO ceramics, for which the total conductivity is lowered because of the low conductivity of boundaries between the ceramic's grains.
From the maxima of ″(f) (Fig. 5) , Maxwell relaxation frequency ( ⁄ , where  0 = 8.85  10 12 F/m is dielectric constant) was determined at different temperatures, as described previously in [14] [15] [16] . As we can see from the temperature dependences of Maxwell relaxation frequency, it follows Arrhenius law (Fig. 6) . The activation energies of f M (E f ) are presented in Table 2 . Dielectric permittivity ( ) and dielectric losses (tan) were calculated at the frequency of 1 GHz. This frequency is much higher than Maxwell relaxation frequency in all studied temperatures. At 300 K the values of f M ,  and tan of Li 3 Ti 1.5 (PO 4 ) 3 , LLTO, GDC20, and YSZ8 ceramics are summarized in Table 3 . Temperature dependences of tan of Li 3 Ti 1.5 (PO 4 ) 3 , LLTO, GDC20, and YSZ8 ceramics are shown in Fig. 7 . The increase of the values of  with temperature of the investigated compounds can be caused by contribution of the migration polarization of ionic charge carries, vibration of lattice and electronic polarization. The increase of tan with temperature is related to the contribution of conductivity in the investigated temperature region. 
Conclusions
At room temperature solid electrolyte 8 have been sintered for electrical investigations. In the frequency range 1 Hz -1 MHz four-probe method was used to determine total ionic conductivity of the ceramics. In some cases it is difficult to separate total ionic conductivity of the material from the processes appearing in the metal-solid electrolyte interface. Four-probe method gives us the impedance spectra with no contribution of the electrodes used to contact the samples. For the measurements in the microwave range (310 5 -310 9 Hz) the coaxial line technique was used. The relaxation dispersions in the microwave frequencies have been attributed to ionic relaxation processes in the bulk of ceramics. Temperature dependences of bulk ionic conductivity is caused by ionic mobility in Li 3 Ti 1.5 (PO 4 ) 3 , LLTO, GDC20, and YSZ8 compounds which also causes the increase of dielectric losses (tan) with temperature. High measurement frequency of the electrical field (which was much higher than Maxwell relaxation frequency) allowed us to determine dielectric permittivity values of the materials.  values of the investigated compounds are caused by contribution of the migration polarization of ionic charge carries, vibration of lattice and electronic polarization.
